During the preforming stage of woven reinforcement, in the first step of the resin transfer moulding process, the phenomenon of friction occurring at the tool-reinforcement interfaces and the reinforcement-reinforcement interfaces is one of the key parameters of the forming process. This behaviour must be correctly taken into account when modelling the process and a better understanding of the contact and friction phenomena occurring during the woven fabric preforming process is necessary for realistic simulation of the preforming process. Although some existing studies concerning friction of reinforcement have been published, the complex frictional behaviour of fabrics is still not completely clear. The experimental characterization of the frictional behaviour of a specific carbon woven reinforcement (G1151) used for aeronautical applications is the aim of this article and three interfaces have been studied (G1151/ G1151, G1151/Plexiglas, G1151/aluminium). The Coulomb coefficients of friction occurring during contact between two layers of fabric and between the fabric and other materials have been determined. The effect of the variation of normal pressure and temperature on the frictional behaviour of this reinforcement has also been analysed. Comparisons between several frictional models, described in the literature, are also conducted in associated with these experimental results. This study highlights a significant tribological anisotropy of the G1151 reinforcement and a dependence of the frictional characteristics on the applied pressure and the temperature.
Introduction
In the aircraft industry, structural integrity (fatigue resistance, stiffness and so forth) and weight saving are of primary importance. A possible way to achieve both of these goals is the use of composite materials with textile reinforcement as an alternative to metallic materials for structural components.
The manufacturing of composite parts requires the preforming of the textile structure. In the case of resin transfer moulding, which is one of the most used manufacturing processes, 1,2 this step is performed on dry fabrics and is coupled to a resin impregnation phase, realised by injection or infusion. For thermoplastic composites, this preforming step is performed at a temperature close to or higher than the melting temperature of the resin in order to make deformation of the textile prepreg possible. 3 The mechanical behaviour of textiles is a multi-scale problem. The macroscopic behaviour depends on the interaction of yarns at the scale of the woven unit cell and at the level of the fibres constituting the yarns. [4] [5] [6] Associated with this multi-scale aspect, the textile reinforcement is subjected to large local and global deformations, during the preforming step, especially for complex shapes. 7 These complex deformations modify the fibre orientation and the fibre volume fraction and can lead to defects such as wrinkles, buckles or yarn misalignment. [8] [9] [10] [11] [12] [13] [14] [15] For thermoset composites, all these defects have a strong influence on the resin flow impregnation because they modify the pore space and geometry within the fabric and therefore the in-plane and through-the-thickness permeability components. [16] [17] [18] [19] They consequently impact the performance of the composite part. 20, 21 To predict and control these defects, experimental analyses [10] [11] [12] [13] [21] [22] [23] [24] [25] [26] [27] [28] and numerical simulation models of the preforming step are simultaneously developed.
Numerical strategies are most commonly performed at the macroscopic scale using the finite element method, 3, 6, 7, 23, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] which can take into account the mechanical behaviour of fabrics (either dry or prepreg) and other process parameters, such as the blank-holder force or specific punch shapes.
Friction phenomena occur between the forming tools (i.e. punch, die and blankholder) and the fabric and also between fabric layers for multi-layered preforming. This phenomenon affects sliding of the reinforcement and has a consequent influence on the final shape of the preform (especially in the area between the blank-holder and die), on the punch load and on the deformation in the fabric. During thermoforming, the presence of resin can also play the role of a lubricant layer between the bodies involved in contact (tools-fabric or fabric-fabric).
It is therefore important to better understand and quantify this phenomenon to correctly take it into account for numerical modelling.
For the dry preforming step of single (or multi-layer) fabrics, the well-known Coulomb friction model is the most used for simulations. In this model, the frictional force F t is considered to be proportional to an applied normal load,F n , where the coefficient of proportionality is the friction coefficient 37 
A lot of numerical work existing in the literature uses this concept with a constant value for the coefficient of friction. 10, 11, [25] [26] [27] [28] 35, 36 The chosen values for either toolfabric or fabric-fabric interfaces are not generally justified. A recent numerical investigation showed that there is a significant effect of the choice of these values during the preforming stage of a plain woven fabric on the shear angle distribution and the evolution of the forming force. 33 A recent study used an anisotropic Coulomb law for the friction in Non Crimp Fabric preforming simulations. 38 Several studies 36, 38, [39] [40] [41] [42] have shown that the coefficient of friction varies with the applied normal load. Hence, Howell's equation 43 can then be used (equation (2) ) instead of the Coulomb law
where K is an experimentally determined proportionality constant and the exponent m is a fitting parameter related to the deformation mechanism. In these studies, the influence of the relative positioning of the fabric and orientation of the yarns is not taken into account. However, recent studies 44, 45 have shown an effect of these parameters on the frictional behaviour.
It should also be noted that for thermoforming processes of composite structures, the previous models can be replaced by lubricated friction models 3 described by the generalised Stribeck curves 42, [46] [47] [48] [49] [50] or by viscous models. 40 This article deals with the experimental identification of the frictional behaviour of a specific carbon fibre thin interlock (G1151). This reinforcement is presented in the next section of the article. This is followed by a description of the experimental apparatus used in this study and a presentation of the results in term of friction coefficient between this fabric and other material used during the preforming step. The influence of parameters such as the applied pressure and temperature is then analysed.
Presentation of the carbon reinforcement
The G1151 woven fabric ( Figure 1 ) is a carbon-thin interlock reinforcement (three yarn layers linked by the weaving) produced by Hexcel 51 and the characteristics of this reinforcement are shown in Table 1 . The reinforcement is epoxy powdered on both sides (2.5% per side).
This reinforcement, often used for aeronautical applications, has been experimentally investigated in several studies. Tensile, in-plane shear and bending characteristics have been published [53] [54] [55] [56] [57] and its permeability 58 and dry forming behaviour 7,55,56 have been analysed. The complex architecture has also been studied using tomographical analyses. 52 A few studies on the frictional behaviour of this fabric have been recently published 44 and report on the inter-laminar frictional phenomenon at the scale of the fabric taking into account the orientation of the yarns.
In this article, an experimental study is presented to characterise the static frictional behaviour of this carbon fabric with several materials that can be used for tools during the preforming step. Associated with the definition given in literature, 43 the term static means that the frictional behaviour is studied regardless of the sliding. The fabric-fabric frictional behaviour will be also determined for multi-layer analyses. The influence of parameters such as the applied pressure and temperature on the friction coefficient value is investigated. The originality of this study is that it involves the following material couples: aluminium/reinforcement (warp direction), aluminium/reinforcement (weft direction), Plexiglas/reinforcement (warp direction), Plexiglas/reinforcement (weft direction) and reinforcement (warp direction)/reinforcement (weft direction).
Experimental test bench developed for the frictional behaviour analysis
In order to undertake these tests, an experimental test bench has been developed ( Figure 2 ) at the Arts et Metiers, LAMPA, Laboratory. The concept of this device is based on the classic principle of the contact area method consisting of two planar surfaces sliding against each other. 45, 49 To ensure a full plane-plane contact, a uniform normal force is applied. The advantage of this apparatus is that it allows tests to be carried out at elevated temperatures. In this case, the specimen and the plates are heated by conduction and not by infrared. 39 The principal parts of the device are:
. A fixed and a moving plate, both of which are equipped with electrical heating components; . A pneumatic actuator that applies the normal force;
. A frame that allows the whole device to be integrated in a standard tensile testing machine.
To perform the tests, the device has been integrated in a Zwick tensile machine equipped with a 100 kN load cell (Figures 3 and 4) .
The fabric reinforcement specimen, whose dimensions are indicated in Figure 5 , is attached to the mobile grip of the tensile machine via a clamping device. It is also sandwiched between the two plates, which are coated with the second material of the friction couple to be tested (i.e. Plexiglas, aluminium or reinforcement). The contact area dimensions are 130 mm Â 90 mm, where 130 mm is the plate length and 90 mm is the specimen width. The used velocity was 1 mm/s and the total displacement distance was 10 mm. Each performed test has been repeated thrice and the average value is reported. In this section the classical Coulomb model is investigated. Using this model, the tensile force on the specimen F t is considered to be proportional to the applied normal load F n (i.e. pressure force on the external plates). The coefficient of friction is then calculated as the ratio between F t and F n , as presented in the following equation
Analysis of the frictional behaviour of fabric with different tool materials
Within the framework of this research and in order to analyse the reinforcement behaviour during the preforming step, an experimental stamping machine ( Figure 6 ) has been developed at the Gemtex laboratory. 56, 59, 60 The blank holder and opened die of this machine are made from Plexiglas ( Figure 6 ) in order to observe the in situ deformation; however, the punch is made of aluminium. Consequently, the frictional behaviour of the reinforcement is studied for these two materials.
Plexiglas-to-fabric friction
The first tests focused on the frictional behaviour of the interface between Plexiglas and the reinforcement. The tests were performed at ambient temperature with different values of normal pressure in the range of 0.2-2 bar. The reinforcement was tested in its two main directions -the warp and the weft directions ( Figure 8 ). Figure 7 shows the evolution of the coefficient of friction as a function of the applied normal pressure. These curves show, in accordance with previous studies, 61,62 that the coefficient of friction decreases when the applied normal pressure increases. These curves also illustrate a difference between the coefficient of friction in the two different directions: warp and weft. Moreover, this frictional anisotropy is more significant for low pressures. The frictional anisotropy can be explained by Figure 8 , which shows the surface of the reinforcement. Indeed, although the reinforcement is materially quasi-balanced (approximately 7.4 yarns/cm for both directions), a difference in the weaving structure between the warp direction and the weft direction can clearly be observed. Indeed, the visible waviness in the weft is larger than in the warp. The length (x) of the visible waviness of the yarn constituting the weft is approximately twice that of the length of the visible waviness of the warp (0.46x). The difference between the coefficient of friction in the warp direction and the weft direction can be then explained as follows. A yarn or a part of a yarn (a waviness for instance) in contact with an external body has greater resistance to relative motion if this motion is not in its own direction. This effect is maximised when the motion is perpendicular to the yarn direction. For friction tests for the warp/Plexiglas combination, the motion is constrained by relatively long weft waviness. However, for a friction test with the weft/Plexiglas combination, the motion is constrained by the periodic warp waviness, which is shorter. Moreover, this difference reduces when the pressure increases. Indeed, significant pressure decreases the crimp amplitude and the fabric surface then becomes topographically more flat and homogeneous 63 and the frictional anisotropy mentioned previously becomes less pronounced.
Aluminium-to-fabric friction
The second experimental study concerned the frictional behaviour between the reinforcement and aluminium. Figure 9 shows the results of the friction tests at ambient temperature for the material combination fabric/aluminium for the two main directions (the warp and weft). The global trends observed in this figure confirm the results discussed in the previous section: (a) tribological anisotropy of the surface of the reinforcement (the coefficient in the direction of the warp is different from that in the direction of the weft), (b) the friction coefficient is inversely proportional to the pressure and (c) the difference between warp and weft is attenuated with a pressure rise. The analysis and explanations proposed in the previous section are also valid for this case.
Moreover, it should be noted that the coefficients obtained in this case are significantly higher than those obtained using Plexiglas.
Fabric-to-fabric friction
In this section the tribological behaviour of a fabricfabric interface is studied. Depending on the orientation of the layers, there are many possible configurations that can be investigated (warp-weft, warpwarp, weft-weft, weft-bias direction, warp-bias direction). In this study it has been chosen to analyse the frictional behaviour for a warp-weft combination that corresponds to a draping orientation of (0 /90 ). Figure 10 shows the evolution of the coefficient of friction at ambient temperature as a function of the applied pressure for a fabric-to-fabric contact (warp-weft).
As observed in the previous cases, the coefficient of friction decreases proportionally with the applied pressure. It varies between 0.6 and 0.7, as shown in Figure 10 . These values are within the range of those reported in recent studies, 44 where the effect of several orientations on the friction coefficient has been studied, but for constant applied normal load. It should be noted that in agreement with previous work, 63 the fabric-to-fabric friction is higher than the fabricto-metal one. This is due to the fact that two fabrics that are in contact may interact structurally; this contributes to a higher friction value compared with those obtained for contact with smoother surfaces.
Investigation of the effect of temperature
Due to the presence of epoxy powder on the two sides of the reinforcement (described in 'Presentation of the carbon reinforcement'), the frictional behaviour is not the same at ambient and high temperature. Three temperature levels (20 C, 60 C and 120 C) are used to investigate the effect of temperature on the tribological behaviour. Due to the sensitivity of Plexiglas to the temperature, this material is not included in these tests.
For elevated temperatures, the fabric layers were maintained between the heated platens for a period of time before starting the test to ensure a homogeneous temperature distribution within the specimen and the other material (either aluminium or reinforcement).
Fabric-to-fabric friction
A previous study 63 showed that the relationship between F t (contact tangential force) and F n (contact normal load) for a fabric-fabric friction case (polyester-cotton and polyester-viscose for instance) is better described using Howell's equation (equation (2)).
For the present investigation, this power law can be written as
where A is the contact surface, K is the friction parameter and m is the friction exponent. In order to verify the validity of this friction model for a powdered G1151 reinforcement (warp-weft contact) at elevated temperature and to investigate its applicability, it is compared with a linear model (equation (5))
where a and b are two fitting coefficients The results for the three different temperatures (20 C, 60 C and 120 C) and for both models are shown in Figures 11, 12 and 13 . Table 2 gives the coefficient of the power law and the linear models determined using a regression analysis (R 2 Þ for each temperature. These figures and the associated table show that both models are globally able to describe the experimental results.
However, in conformity with the study by Das et al., 63 it seems that the power law model describes the frictional behaviour for low temperatures slightly better.
On the other hand, the linear model seems to better fit the experimental data for elevated temperatures.
In the following, and in order to study the effect of the temperature on the tribology, the linear coulomb friction model (equation (1)) will be used. Figure 14 shows the evolution of the coefficient of friction between one layer of the reinforcement in the warp direction and another one in the weft direction for three different temperatures.
It can be observed that the temperature and pressure effects are coupled. Except at low pressure (0.5 bar), it can be seen that an increase in temperature induces the decrease of the coefficient of friction. In accordance with previous results, these curves show that the friction coefficient decreases when the normal pressure increases. It should be noted that these two phenomena have been already reported for thermoplastic reinforcement. 42 This behaviour can be explained by the effect of the epoxy powder and its viscosity decrease at higher temperatures. For low pressures and at ambient temperature (20 C), the epoxy powder particles do not modify sliding between layers. For the same pressure (0.5 bar), a temperature rise from 60 C to 120 C results in the polymerisation of the powder particles, which increases the roughness of the contact interface and creates a sticky surface. For higher pressures and temperatures (60 C and 120 C), the viscosity of the powder decreases. The epoxy acts as a lubricant that facilitates smooth relative motion between bodies in contact and reduced the frictional characteristics.
It is important to note that the friction coefficient presented in this study is the classical Coulomb friction coefficient. There is not dissociation between the local yarn contact phenomenon 44, 45 and the global apparent friction of the surface. Figure 15 shows the evolution of the coefficient of friction as a function of the normal pressure for the aluminium/reinforcement material combination in the warp direction for the three temperatures mentioned previously. Even if a local discontinuity can be observed at temperature of 120 C and pressure of 1 bar, where the friction coefficient slightly increases, the curves in Figure 15 show essentially the same global evolution as in the previous section and the friction coefficient variation is more sensitive to the pressure at high temperature.
Aluminium-to-fabric friction

Conclusions
In this article an experimental analysis of the tribology of the epoxy powdered G1151 reinforcement has been presented and is based on tests performed using a dedicated device developed at the LAMPA laboratory of Art et Me´tiers ParisTech.
In continuity with certain investigation presented in the literature concerning this carbon reinforcement, this study gives additional experimental results on the frictional behaviour of G1151 with several materials that can be used as tools during the preforming stage. These results show a frictional anisotropy of this reinforcement due to the weaving architecture. This phenomenon has also been analysed for fabricto-fabric contact, using both a power law (Howell) and linear frictional model.
This study also illustrates a dependence of the coefficient of friction on the pressure-temperature combination. Indeed, the interaction between these two parameters affects the coefficient of friction due to the evolution of the contact conditions at the interfaces (fabric-fabric, fabric-tool). This work has been conducted at the scale of the reinforcement; future work will focus on the multi-scale behaviour of woven reinforcement, especially at the scale of the yarns.
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